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Semiconducting group-III nitrides have attracted much attention in recent years because of the large gap ͑0.7-6.2 eV͒ that can be covered by the nitrides and their alloys. [1] [2] [3] [4] [5] In particular, indium nitride ͑InN͒ has become the focus of intense research after recent reports of an unexpectedly low band gap of 0.7 eV at room temperature. [6] [7] [8] [9] [10] The growth of high quality epitaxial layers of InN has been established by molecular beam epitaxy [11] [12] [13] and metalorganic chemical vapor deposition ͑MCVD͒.
14-16 However, the fabrication of potential one-dimensional structures, such as nanowires ͑NWs͒, has proven difficult due to the thermodynamic properties of In and N. There are reports of InN nanowires syntheses from indium precursors based on the vaporliquid-solid and the vapor-solid ͑VS͒ processes, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] but the mobilities and carrier densities of these NWs have not yet been quantified. In this letter, we discuss a high-yield, catalyst-free method for synthesizing uniform InN NWs and report the fabrication of InN NW field-effect transistors ͑FETs͒. Electrical transport results are given for a statistically significant sample, 41 InN NW FETs, across two growth-fabrication runs.
A catalyst-free VS growth strategy was successfully invoked to fabricate InN NWs with yields as large as one gram. A small ͑1 inch outer diameter͒, short ͑3 inch͒ quartz tube containing a 1:1 ratio of indium:indium oxide powders was loaded in the central region of a hot wall CVD system. The tube was flooded with Ar gas and, while maintaining a base pressure of 1 atm, the temperature was increased. Upon reaching 700°C the Ar flow was terminated and ammonia was introduced at a rate of 100 sccm and this flow was maintained for 30 min while the temperature was held constant. The furnace was then adiabatically cooled to room temperature in an ammonia atmosphere. This growth procedure repeatably resulted in a large deposition of NW material on the wall of the quartz tube. Lower growth temperatures produced drastically smaller NW yields. Indium nitride NWs extracted from the growth tube were suspended in isopropanol and the suspension was subsequently applied to a glass slide for room-temperature structural and morphological characterization. A representative field-emission scanning electron micrograph ͑FE-SEM͒ of the NWs is shown in Fig. 1͑a͒ .
In order to fabricate InN NW-FETs, the alcohol suspension was applied dropwise to a Si/ SiO 2 wafer with previously defined substrate backgates. This was followed by optical lithography and a liftoff metallization of 50 nm Ni/ 200 nm Au, which defined unannealed Ohmic contacts to the NWs. The wafer was then surveyed with an automatic device canvassing procedure previously described, 28 and devices were imaged with an FE-SEM to ensure that a unique InN NW contacted lead pairs. A representative device is shown in Fig. 1͑b͒ along with a schematic depicting the FET geometry. An Aglient Technologies 4156B semiconductor parameter analyzer was used to measure I SD ͑V SD , V GD ͒. The transconductance is defined as the average of the linear best fits to the positive and negative gate voltage sweeps. The mobility can then be calculated as
where NW. The carrier density is then determined by
Nanowire lengths were measured to the nearest 0.05 m and diameters to 5 nm. For the 41 samples reported here, the average diameter is 113± 4 nm ͑standard error of the mean͒. For variable-temperature measurements the wafers were diced, wirebonded, and measured in a variable temperature helium-flow cryostat.
SEM micrographs revealed NW lengths ranging from 3 to 30 m and diameters from 70 to 150 nm ͑although individual NWs were uniform to within 15 nm͒. Nanobelts were also observed, but in minute numbers. Energy dispersive spectroscopy ͑EDS͒ ͓Fig. 2͑a͔͒ indicates the sole presence of In and N in the sample ͑the Ar signal is an experimental artifact͒. X-ray diffraction ͑XRD͒ ͓Fig. 2͑b͔͒ indexes the NWs as hexagonal wurtzite with primitive cell parameters: a = 3.536 Å and c = 5.709 Å. The reflection peaks were indexed ͑100͒, ͑002͒, ͑101͒, ͑102͒, ͑110͒, ͑112͒, and ͑201͒, corresponding to wurtzite InN. A transmission electron micrograph ͑TEM͒ with its accompanying diffraction pattern illustrates that although there is some surface roughness, the NW is single crystal with growth along ͓100͔ ͓Fig. 2͑c͔͒. The micro-Raman spectrum ͑300 K͒ also corresponds to singlecrystal wurtzite InN. In Fig. 2͑d͒ , the four active modes A 1 ͑TO͒ ͑444 cm −1 ͒, E 2 ͑high͒ ͑490 cm −1 ͒, B 1 ͑566 cm −1 ͒, and E 1 ͑LO͒ ͑619 cm −1 ͒ of hexagonal wurtzite InN are observed. One additional mode at ϳ299 cm −1 is present, possibly due to the zone-boundary phonon activated by the finite-size effects. 29, 30 Two separate growth and processing runs yielded 41 well-behaved devices; though there were no discernable physical differences between the ϳ120 total devices measured, approximately 2/3 exhibited spurious charging effects-including specious p-type behavior-indicative of parasitic defects, and were excluded.
All devices discussed this study had Ohmic contacts, as illustrated in the near-zero bias characteristics of Fig. 3͑a͒ , with linear best-fit R 2 values of 0.99 or greater ͑for all temperatures measured͒. The devices had resistivities of ϳ4 ϫ 10 −4 ⍀ cm, similar to those observed in earlier measurements for catalyst-grown single-crystal InN NWs with similar diameters. 24 We note that NWs of the higher resistivities ͑similar to those reported in Ref. 23͒ do not show wellbehaved FET behavior for these samples.
I SD ͑V GD ͒ plots of the well-behaved FET devices are shown in Figs. 3͑b͒-3͑d͒ . Figure 3͑b͒ illustrates the generic behavior, e.g., I SD increasing monotonically with increasing V GD ͑likewise, decreasing monotonically with decreasing V GD ͒ indicative of n-type material, as seen in bulk InN. 30 Some degree of hysteresis due to a fixed charge trap distribution is observed in all devices; Fig. 3͑c͒ is typical, whereas Fig. 3͑b͒ ͓Fig. 3͑d͔͒ illustrated the worst ͓best͔ hysteresis. Transconductances are calculated as the average of the linear best fits to the forward and reverse V GD sweeps and there was found to be no correlation between the degree of hysteresis and transconductance. Additionally, Fig. 3͑d͒ illustrates charge trapping dynamics are unimportant for these measurement conditions. The average transconductance is 2.24± 0.39ϫ 10 −8 A / V, similar to that seen previously for GaN NW samples. 31 Mobilities and carrier densities of the 41 NW devices ͑26 from the first run and 15 from the second͒ are plotted in Fig. 4͑a͒ . The InN NWs had an average mobility of 29.2± 5.4 ͑standard error of the mean, SEM ͒ cm 2 / V s, and an average carrier density of 1.83± 0.38͑ SEM ͒ ϫ 10 21 cm −3 . A decreasing trend of mobility with increasing doping density is observed, similar to that seen for InN grown epitaxially on sapphire 32 and GaN ͑Refs. 32-35͒ substrates. The results show that the quality of the InN NW material grown by the VS CVD technique is comparable to bulk epitaxial material, though the intrinsic carrier density is larger ͓presumably due to N vacancies, as for bulk InN ͑Ref. 36͒ and GaN NWs ͑Ref. 31͔͒.
The temperature dependence of the mobility ͓Fig. 4͑b͔͒ was investigated for two randomly selected samples with roughly two orders of magnitude different carrier densities-8.96ϫ 10 19 cm −3 for sample 1, and 1.16ϫ 10 22 cm −3 for sample 2-and each with a hysteresis similar to that of Fig. 3͑c͒ . Both samples exhibit essentially temperatureindependent mobilities, although the higher-mobility sample exhibited a high temperature roll-off and a very weak ͑ϳ2%͒ low-temperature metallic behavior. Further investigation is necessary to elucidate the mechanisms responsible for these dependencies.
This study demonstrates that catalyst-free, single-crystal InN NWs have comparable electron mobilities to bulk epitaxial InN, thus providing a system whereby one can separate contributions of material from dimensionality or other NW effects ͑such as defect incorporation͒. The statistically significant study presented here shows that intrinsic material parameters can be quantified even in the presence of a large percentage of defect-dominated devices.
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